Shrinkage porosity and metal expansion penetration are two casting defects that appear frequently during the production of complex-shaped lamellar graphite iron components. These casting defects are formed during the solidification and usually form in the part of the casting which solidifies last. The position of the area that solidifies last is dependent on the thermal conditions. Test castings with thermal conditions like those existing in a complex-shaped casting were successfully applied to provoke a shrinkage porosity defect and a metal expansion penetration defect. The investigation of the primary dendrite morphology in the defected positions indicates a maximum intradendritic space, where the shrinkage porosity and metal expansion penetration defects appear. Moving away from the defect formation area, the intradendritic space decreases. A comparison of the intradendritic space with the simulated local solidification times indicates a strong relationship, which can be explained by the dynamic coarsening process. More specifically, long local solidification times facilitates the formation of a locally coarsened austenite morphology. This, in turn, enables the formation of a shrinkage porosity or a metal expansion penetration.
Introduction
Complex shaped lamellar graphite iron castings are the most widespread applications of cast iron materials in the automotive industry [1] . Besides the advantages of good thermal conductivity, vibration damping capacity and machinability, there are some recurrent defects like shrinkage porosity (SP) and metal expansion penetration (MEP) that result in additional expenses for the casting producers as well as their customers. SP can cause leakage through the casting wall when the component is pressurized. MEP can cause unhealthy cleaning procedures leading to "white fingers", which is an occupational disease. Therefore, large efforts have been spent to investigate the formation mechanisms of these defects and to reduce the waste casting due to SP and MEP [2] [3] [4] [5] [6] [7] [8] [9] . In general, SP and MEP are usually discussed together as they appearance shows similar characteristics. Both are initiated on the castings surface, where the alloy exists in liquid phase in the final stage of the solidification. Consequently, this area may be understood as the flow path which is open for the longest time. Also, the SP and MEP defects usually appear when the area that solidifies last is close to or at the metal-mold interface.
The SP and MEP are surface defects, usually appear on the metal-mold interface where.
In the investigation of the SP defect, Elmquist et al. [7] used the color etching technique to study the defect on cylinder head castings. Compared to the previous surmise that SP is positioned around a single eutectic colony, the color etched samples showed that SP is distributed around groups of eutectic colonies. An investigation [8] based on the Direct Austempering After Solidification (DAAS) procedure [10, 11] revealed that SP is placed on the austenite grain boundary. Another study [9] , based on the Electron Backscatter Diffraction (EBSD) technique, has confirmed that the position of the pore is situated on the austenite grain boundary. The oxide layer on the internal surface of the SP indicates the relationship between the pore and the surrounding atmosphere.
Levelink and Julien [2, 3] investigated the MEP defect and concluded that a liquid metal, which is squeezed out from the casting in between the sand grains, causes the defect. They found that the content of phosphorus and the presence of phosphide eutectic promotes MEP formation. Also, the penetration was supposed to occur at the end of solidification. Later, Dugic and Svensson [4] showed that the penetration took place in the beginning of the eutectic phase formation. More specifically, they used non-welded thermocouples to detect when the liquid metal enters the penetrated zone. Diószegi et al. [5, 6] revealed a eutectic composition of penetrated layers between the sand grains by color etching, however the original composition of the cast iron was a standard hypoeutectic alloy. This was the first observation considering the effect of the primary austenite grains on the flow path.
Coarsening is a morphological change of the solid phase existing in contact with the molten metal, which is known in the literature as the Oswald ripening process [12] [13] [14] [15] . The austenite dendrite in cast iron is a solid phase which suffers from morphological changes. This is due to its large interfacial area, which is not in thermodynamic equilibrium. A continuous solution and dissolution process at the solid-liquid interface tend to reduce the interfacial area towards a thermodynamic equilibrium. The isothermal coarsening of the austenite dendrite has recently been investigated by Hernando et al. [16] [17] [18] based on the Secondary Dendrite Arm Spacing (SDAS) and the Modulus of the Intradendritic Space (MIS), also named the Hydraulic diameter between the dendrite arms, as the morphological parameters. The investigation revealed a series of morphological changes starting with dendrite coarsening, continuing with dendrite fragmentation, then a coalescence of the fragmented particles. Lora et al. [19] reported coarsening of primary austenite under the solidification process, which is also called a dynamic coarsening. The morphological changes under dynamic conditions were similar to the observed changes under isothermal conditions in both cases, and the results were strictly dependent on the local solidification time. A common feature for Hernando's [16] [17] [18] and Lora's [19] experiments was the cylindrical shape of the sample (Ø 50 mm, height 100 mm), which causes a compact axisymmetric thermal field and an even distribution of the morphological parameters in the geometry investigated.
The scope of the present paper is to investigate the morphological variation in complex-shaped casting geometries, which tend to promote SP and MEP defects.
Previously presented investigations [16] [17] [18] [19] under isothermal conditions or dynamic conditions in compact geometries combined thermal measurements using thermocouples with results from morphological investigations. In the case of complex shaped castings like cylinder heads or cylinder blocks, the use of thermocouples to characterize the thermal field and to record the local solidification time is practically not recommended. The application of numerous thermocouples next to each other would disturb the local solidification time and the measurement. In this investigation, the local solidification times were calculated by numerical simulation.
Materials and Methods
The casting of the samples was performed under industrial conditions. The melt was prepared in an induction furnace and treated according to the current production procedure. The casting temperature was 1448 ± 5 • C. The material of the cast alloys was hypoeutectic lamellar graphite iron, the chemical compositions are shown in Table 1 . In both cases, the mold material was an Epoxi-SO 2 hardened quartz sand.
Shrinkage Porosity (SP)
The sample named "SP sample" combines simple geometrical domains as cylinders and plates to create a thermal condition comparable to that in a complex shaped cylinder head ( Figure 1a ) [8] . The bottom plate (20 mm) and the top plate (10 mm) connected with three cylinders (Ø 40 mm) and a vertical plate (15 mm) parallel to the cylinders. The distance between the vertical plate and the cylinders is 7 mm. In both cases, the mold material was an Epoxi-SO2 hardened quartz sand.
The sample named "SP sample" combines simple geometrical domains as cylinders and plates to create a thermal condition comparable to that in a complex shaped cylinder head ( Figure 1a ) [8] . The bottom plate (20 mm) and the top plate (10 mm) connected with three cylinders (Ø 40 mm) and a vertical plate (15 mm) parallel to the cylinders. The distance between the vertical plate and the cylinders is 7 mm. The chosen geometry was demonstrated to be prone to form shrinkage porosities reported in [8] similar to porosities found in real cylinder head castings [7] . For the microstructure investigation, the SP sample was cut to half on the A-A plane, as it is indicated by the dashed line in Figure 1a . The micrographs were taken on the A-A plane from the lower part of the middle cylindrical domain. The positions of the micrographs are indicated by the thick frames in Figure 1b . Frames coincident with micrographs containing defects are also highlighted with a cross.
Metal Expansion Penetration (MEP)
The sample named "MEP sample" combines simple cylindrical domains to create a thermal condition and a concave casting surface that are comparable with those in a complex shaped cylinder head (Figure 2a ). The chosen geometry was demonstrated to be prone to form shrinkage porosities reported in [8] similar to porosities found in real cylinder head castings [7] . For the microstructure investigation, the SP sample was cut to half on the A-A plane, as it is indicated by the dashed line in Figure 1a . The micrographs were taken on the A-A plane from the lower part of the middle cylindrical domain. The positions of the micrographs are indicated by the thick frames in Figure 1b . Frames coincident with micrographs containing defects are also highlighted with a cross.
The sample named "MEP sample" combines simple cylindrical domains to create a thermal condition and a concave casting surface that are comparable with those in a complex shaped cylinder head (Figure 2a ). In both cases, the mold material was an Epoxi-SO2 hardened quartz sand.
Shrinkage Porosity (SP)
Metal Expansion Penetration (MEP)
The sample named "MEP sample" combines simple cylindrical domains to create a thermal condition and a concave casting surface that are comparable with those in a complex shaped cylinder head (Figure 2a ). The cylindrical casting (Ø 80 mm, height 80 mm) includes an internal channel (Ø 30 mm) ending in a concave casting surface (R 15 mm).
This geometry was demonstrated in the literature [5, 6] to be prone to form metal expansion penetration identical to those found in castings used in industrial applications. For the microstructure investigation, the MEP sample was cut to half along the A-A plane, as indicated by the dashed line in Figure 2a . The MEP sample is rotational-symmetric and the MEP defects appeared evenly distributed in connection to the internal concave casting surface. The microstructure investigation was made along the A-A plane. The positions of the micrographs are indicated by thick frames in Figure 2b . Frames coincident with micrographs containing defects are also highlighted with a cross.
Microstructure Investigation
Surfaces of both samples were color etched at elevated temperature with an etchant solution that contains 200 mL of distilled water, 160 g of KOH, 40 g of NaOH and 40 g of picric acid [20] . The 108 • C temperature of the etchant was maintained with ±3% accuracy by a thermistor controlled heating system. The color distribution for the picric-acid based etching is strictly dependent on the silicon segregation pattern [21] . A positive segregation value of Si (k > 1) causes a well distinguishable picture of the primary austenite, only in locations where the primary network is not superimposed on the eutectic colony. Consequently, it is necessary to consider the equal distribution of the primary austenite in the casting domain.
A total of 74 micrographs were taken from the color-etched surface of the samples. The morphology of the primary austenite is difficult to identify by the image analysis software, so the micrographs were pre-processed by hand on a touch sensitive display. These images are used as input for the image analysis studies.
Morphologic Parameters
The most general way to describe the correlation between the morphology of the primary dendrite and the local solidification time t sol is to measure the distance between the secondary arms of the dendrite, the secondary dendrite arm spacing (SDAS) λ 2 . In a previous work [22] , the time dependence of λ 2 is described as
The more advanced way to describe this correlation uses stereological approach in the characterization of the primary dendrite morphology. Diószegi et al. [23] introduced the hydraulic diameter D hyd IP for the description of the intradendritic phase. Their concept demonstrated that the primary austenite dendrites and the intradendritic phase have a common boundary. Consequently, the perimeter of the primary austenite dendrites equals to the perimeter of the intradendritic phase, P i . Then, the hydraulic diameter of the intradendritic phase can be expressed as follows:
where A i is the surface area of the intradendritic phase. The D hyd IP has a unit of [µm], and expresses the mathematical relation between the volume of the intradendritic phase and its surface area. As it was described in previous studies [15, 19, 22, 23] , the hydraulic diameter shows the same cube root dependence with the local solidification time:
Therefore, the SDAS and D hyd IP values will be displayed on a t 1/3 scale.
Numerical Simulation of the Local Solidification Time
Simulation of the local solidification time in the SP and MEP samples were performed using MAGMAsoft© (version 5.1, MAGMA Giessereitechnologie GmbH, Aachen, Germany), which is a commercial simulation code aimed to solve phenomena related to metal casting. The numerical solution in the software used is the Control Volume based Finite Difference Method (FDM-CV), where the control volume is equivalent to the mesh element. The geometry definition of the samples and the mesh element definition was made in the preprocessor of the computer program. The mesh elements were created as equal sized cells distributed over the whole geometrical domain. The cross-section size of a mesh cell match with the size of a micrograph what is 2 mm × 2.62 mm. The number of mesh elements are given in the Appendix A.
The mold filling simulation serves to calculate the initial temperature distribution in the calculated domain as input for the start of the solidification simulation. The mold filling calculation is based on the Navier-Stokes equation for three-dimensional fluid flow models [24] .
The solution to the heat transport problem in combination with the solidification problems serves to calculate the temperature distribution as a function of time in the whole geometrical domain and the local solidification time in the metallic part of the calculated domain.
The energy equation (Equation (5)), based on the general heat conduction equation incorporate a source term . Q released representing the release of latent heat of fusion during solidification.
where ρ is the density, C P is the heat capacity, x, y and z are the space parameters, k is the thermal conductivity, T is the temperature, and t is the time. The energy equation is valid in the whole calculation domain while the source term is activated only in the metallic domain and only within the solidification interval. The latent heat released during solidification was defined by using a standard method named in the literature as the "Enthalpy Method" [25] . The amount of released latent heat Q released (J·m −3 ) at a given fraction solidified phase f S is proportional to the total solidification heat L (J·kg −1 ) multiplied by the density ρ (kg·m −3 ).
Q
Furthermore, it is assumed that the energy rate per volume unit is released at a certain time according to:
Then, Equation (7) may be rewritten in the following form:
.
and introduced as the last term on the right-hand side of the energy equation.
A rearrangement of the equation by transforming the term for heat release during solidification to the left side together with the enthalpy term of the equation gives:
The term of ∂ f S /∂T is an experimentally defined relation expressing the transformation of the solid phase from liquid to solid state. Since the derivative of fraction solid versus the temperature is negative in the solidification interval the latent heat released will be added to the C P term.
Solving the energy equation by the FDM-CV method will result in the temperature variation as a function of space and time. The temperature variation as a function of time is considered in the geometrical centrum point of the control volume. The local solidification time is defined as the time calculated to decrease the temperature in each metallic control volume from the liquidus to the solidification temperature. The used thermal data for the numerical calculation are given in the Appendix A.
Results and Discussion

Shrinkage Porosity (SP)
The casting defects are indicated by black circles on the polished SP sample (Figure 3a ). The term of S f T   is an experimentally defined relation expressing the transformation of the solid phase from liquid to solid state. Since the derivative of fraction solid versus the temperature is negative in the solidification interval the latent heat released will be added to the P C term.
Results and Discussion
Shrinkage Porosity (SP)
The casting defects are indicated by black circles on the polished SP sample (Figure 3a ). The observations presented are in clear correlation to earlier observations where the morphological parameters such SDAS and hydraulic diameter of the intradendritic space are strictly temperature dependent. The mechanism leading to this correlation also mentioned as dendrite coarsening was studied and reported earlier in compact casting geometries, where the geometrical The observations presented are in clear correlation to earlier observations where the morphological parameters such SDAS and hydraulic diameter of the intradendritic space are strictly temperature dependent. The mechanism leading to this correlation also mentioned as dendrite coarsening was studied and reported earlier in compact casting geometries, where the geometrical The observations presented are in clear correlation to earlier observations where the morphological parameters such SDAS and hydraulic diameter of the intradendritic space are strictly temperature dependent. The mechanism leading to this correlation also mentioned as dendrite coarsening was studied and reported earlier in compact casting geometries, where the geometrical The observations presented are in clear correlation to earlier observations where the morphological parameters such SDAS and hydraulic diameter of the intradendritic space are strictly temperature dependent. The mechanism leading to this correlation also mentioned as dendrite coarsening was studied and reported earlier in compact casting geometries, where the geometrical centrum point was identical with the thermal centrum. The present investigation reports for the first-time observations on dendrite coarsening in a complex casting geometry where the last solidifying area is situated in the metal-mold interface. A comparison between dynamic coarsening of a hypoeutectic lamellar cast iron alloy solidified in a compact geometry and the present alloy solidified in a complex shaped cast geometry are presented in Figure 7 . The morphology parameters compared fit well each other, except the SDAS at a long solidification time.
A supposed reason for the higher scattering level of SDAS is connected to the fragmentation phenomena during the coarsening process. The reduction of the observable secondary dendrite arms during the coarsening and the complete re-melting of primary arms leads to situation where the SDAS is not safely measurable anymore.
The consequence of the coarsening process controlling the relation between the local solidification time and the intradendritic space in the complex shaped casting geometry can be interpreted as the natural condition for the mass transport between the dendrite arms. The longer the local solidification time, the larger the intradendritic space will be, as well as the possibility to drain the liquid metal from late solidifying areas to earlier solidified. In the case present investigated, the last solidifying area is situated at the border between casting and mold material. The suggested mechanism of shrinkage porosity formation is then a consequence of the liquid drained from the casting mold border replaced by the gaseous atmosphere from the adjacent molding environment. centrum point was identical with the thermal centrum. The present investigation reports for the firsttime observations on dendrite coarsening in a complex casting geometry where the last solidifying area is situated in the metal-mold interface. A comparison between dynamic coarsening of a hypoeutectic lamellar cast iron alloy solidified in a compact geometry and the present alloy solidified in a complex shaped cast geometry are presented in Figure 7 . The morphology parameters compared fit well each other, except the SDAS at a long solidification time. A supposed reason for the higher scattering level of SDAS is connected to the fragmentation phenomena during the coarsening process. The reduction of the observable secondary dendrite arms during the coarsening and the complete re-melting of primary arms leads to situation where the SDAS is not safely measurable anymore. The consequence of the coarsening process controlling the relation between the local solidification time and the intradendritic space in the complex shaped casting geometry can be interpreted as the natural condition for the mass transport between the dendrite arms. The longer the local solidification time, the larger the intradendritic space will be, as well as the possibility to drain the liquid metal from late solidifying areas to earlier solidified. In the case present investigated, the last solidifying area is situated at the border between casting and mold material. The suggested mechanism of shrinkage porosity formation is then a consequence of the liquid drained from the casting mold border replaced by the gaseous atmosphere from the adjacent molding environment.
Metal Expansion Penetration (MEP)
The enlargement of the hyd IP D as a result of the coarsening of the primary austenite dendrites in the defected area can be verified also in the case of MEP samples. The MEP defect is indicated by a curved black outline on the polished sample in Figure 8a . Figure 8b is a color etched micrograph magnified from the area signed with the white rectangle 1 within the indicated defect area of Figure 8a . The red line in Figure 8b represents the original metalmold interface. The area above the red line shows the bulk microstructure that contain both primary and eutectic phases, as is expected from the hypoeutectic original composition. The area below the red line shows sand particles from the mold which are incorporated between the castings surface and 
The enlargement of the D hyd IP as a result of the coarsening of the primary austenite dendrites in the defected area can be verified also in the case of MEP samples. The MEP defect is indicated by a curved black outline on the polished sample in Figure 8a . Figure 8b is a color etched micrograph magnified from the area signed with the white rectangle 1 within the indicated defect area of Figure 8a . The red line in Figure 8b represents the original metal-mold interface. The area above the red line shows the bulk microstructure that contain both primary and eutectic phases, as is expected from the hypoeutectic original composition. The area below the red line shows sand particles from the mold which are incorporated between the castings surface and the MEP defect (on the left). The penetrated metal seems to have an eutectic composition, as the primary austenite phase is completely missing from its microstructure. The observations presented are in clear correlation where the morphological parameters, SDAS and hydraulic diameter of the intradendritic space, are strictly temperature dependent. The morphological differences are even clearer than the ones presented in the previous chapter (SP). Even in the case of the MEP sample the last solidifying areas are situated in the metal-mold interface.
A comparison between dynamic coarsening of a hypoeutectic lamellar cast iron alloy solidified in a compact geometry and the present alloy solidified in a complex shaped cast geometry are presented in Figure 12 The consequence of the coarsening process controlling the relationship between the local solidification time and the intradendritic space can be interpreted in a similar way in the MEP sample as in the SP sample, but this time the liquid flow direction between the dendritic network is the inverse of the SP mechanism. The longer the local solidification time, the larger the intradendritic space will be, and the possibility to squeeze excess of liquid metal from fast solidifying areas to late solidified areas increases. Excess of liquid metal in the intradendritic area can result from the eutectic transformation where graphite precipitated.
The suggested mechanism of metal expansion penetration is then a consequence of the squeezing process from fast solidifying areas toward slow solidifying areas. The intradendritic liquid segregated to a eutectic composition penetrates the voids between the sand grains. The observations presented are in clear correlation where the morphological parameters, SDAS and hydraulic diameter of the intradendritic space, are strictly temperature dependent. The morphological differences are even clearer than the ones presented in the previous chapter (SP). Even in the case of the MEP sample the last solidifying areas are situated in the metal-mold interface.
A comparison between dynamic coarsening of a hypoeutectic lamellar cast iron alloy solidified in a compact geometry and the present alloy solidified in a complex shaped cast geometry are presented in Figure 12 The observations presented are in clear correlation where the morphological parameters, SDAS and hydraulic diameter of the intradendritic space, are strictly temperature dependent. The morphological differences are even clearer than the ones presented in the previous chapter (SP). Even in the case of the MEP sample the last solidifying areas are situated in the metal-mold interface.
The suggested mechanism of metal expansion penetration is then a consequence of the squeezing process from fast solidifying areas toward slow solidifying areas. The intradendritic liquid segregated to a eutectic composition penetrates the voids between the sand grains. The consequence of the coarsening process controlling the relationship between the local solidification time and the intradendritic space can be interpreted in a similar way in the MEP sample as in the SP sample, but this time the liquid flow direction between the dendritic network is the inverse of the SP mechanism. The longer the local solidification time, the larger the intradendritic space will be, and the possibility to squeeze excess of liquid metal from fast solidifying areas to late solidified areas increases. Excess of liquid metal in the intradendritic area can result from the eutectic transformation where graphite precipitated.
The suggested mechanism of metal expansion penetration is then a consequence of the squeezing process from fast solidifying areas toward slow solidifying areas. The intradendritic liquid segregated to a eutectic composition penetrates the voids between the sand grains.
Conclusions
Microstructure analyses have been successfully applied in castings defects investigation. The experimental results show that defects appeared as SP and MEP formations in complex shaped castings in lamellar graphite iron alloys. Also, numerical simulations were performed to predict the local solidification times. The main findings from the study can be concluded as follows:
(1) The coarsening phenomena was observed in two different complex shaped castings.
(2) The local solidification time influences the austenite morphology in complex shaped castings, which is in agreement with previous observations in compact shaped cylindrical castings. (3) A variation in local solidification time within the same complex shaped casting leads to the formation of a morphological gradient, which can be considered as the transport path for the intradendritic liquid in forming a shrinkage porosity defect or a metal expansion penetration defect. (4) The morphological parameter observations in complex shaped casting are disturbed due to morphological changes like a dendrite fragmentation and coalescence. T init = 20 • C Heat transfer coefficients (HTC) between the alloy and the mold as a function of Temperature are: Table A3 . HTC values used in the numerical simulation.
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